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A research project sta,rted recently at the Institute for Land 
and Water Management Research is described. The aim is to define 
criteria for the manufacturing of synthetic drainage envelope materials. 
Laberatory apparatus is developed for testtng existiog envelope 
materia1s under conditions constra,ined to narrow limits to ensure 
reproducibility, As a first step, the occurreoce of chemical phenomena 
has been excluded from the research. Partiele size and ahape are 
introduced as design parameters. In due course, mathematica! modeling 
of the filtering process in drainage envelope materials is planned. 
Testing started only recently so qo experimental data is yet available. 
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I . INTRODUCTION 
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··.·, 
In ~he past decades in many countries installation of agricultural 
.drainage systems' has .evolved into an almost completely mechanized 
operation. Introduetion of corrugated tubing had a major influence 
on the development of sophisticated installation machines and has 
prompted the use of cheaper and labour-saving drainage envelope 
materials. Apart from technica! improvements in applying granular 
envelope materials and introduetion of pre-wrapped organic envelopes, 
there. is a rapid development in synthetic ones. 
Progress in technology has been remarkable and drainage engineers 
obviously could not keep pace with enhanced research requirements:' 
introduetion of new techniques and materials was followed by laboratory-
and field research, instead of the reverse. 
In fine sandy soils and light clay soils, drainage systems often 
demonstrata poor oparation only shortly after installation, If 
envelopes are used, system failure is generally caused by clogging 
of these. the character of clogging is complicated and is ascribed 
to machanical and/or chemical processes. This problem is world-wide 
and no satisfactory solution for it has yet been found, although 
considerable research effort aimed at increasing the knowledge of 
properties of envelo~e materials has been paid during the past decades, 
Most of these experiments were of a mere qualitative character and 
a more fundamental approach of the problem is severely lacking. 
For the development of better envelope materials - which is urgently 
needed as most of the materials of natural origin (peat, flax, cocos 
etc.) become too expensive or their sourees become exhausted-
research must be focused on quantifying parameters whièh are decisive 
for the envelope's performance. 
In 1976, I.L.R.I.* and I.C.W.** started a joint effort to develop 
design criteria for envelope materials for different soil types. 
* I.L.R.I. =International Institute for Land Reclamation and Impravement 
**I.C.W. ~ Institute for Land and Water Management Research 
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Although Te~earch did not allow signi~icant conclusions to be d~awn, 
the provisional results were eneauraging enough to start a new study. 
Recognising the need for specifications on commercially available 
envelope materials, the Dutch foundation 1KOMO' ·(Foundation for 
examination, Rese11rch and Aasesament of Materials and Constructions) 
commisioned this study. This paper summarizes research into drainage 
envelope materials in Tbe Netherlands up to now and the approach to 
be followed in the new study which started in 1980. 
2. DEVELOPMENTS lN ENVELOPE MATERIALS 
Until the late fifties, drainage systems were installed mainly 
manually in Holland. Commonly used envelopes were fibreus peat litter, 
heather combined with straw, straw alone and flax remnants. lnorgaqic 
materials like gravel, lavalite and shells were also used occasionally. 
In the beginning of the sixties rigid smooth PVC-pipes were intro4uced 
tagether with synthetic envelopes like glass wool, rockwool, styropor 
and fiberglass sheets. Aftar the introduetion of corrugated PVC-pipes, 
bands of strip-type envelope material were installed underneath and/ 
or on top of the pipes during installation of the system. These bands 
or mats were either produced from pure organic material, or from a 
mixture of organic a1,1d synthetic fibres, held tagether by a network 
of binding thread. Çurrent systems using pre-wrapped corrugated tubing 
were introduced in the beginning of the seventies. Available wrappings 
of organic origin are cocanut fibre, fibrous peat, cereal straw and 
flax. Because the durability of some organic materials is questionable, 
synthetic materials were affered regularly and advocated for practical 
use. Due to bad experience with some types of synthetic envelopes in 
the past hesitation to apply these materi11ls in drain11ge practise 
has persisted for a long time. However, price increases of organic 
materials and problems encountered in the durability prompted the 
search for synthetic alternatives. Synthetic materials currently 
available are polypropylene, polystyrene grains, acrylic fibre mats, 
fiberglass sheets, typar, bidim and nylon 'soeks'. In Holland, nowadays 
almast exclusively factory prewrapped pipes are installed. Envelope 
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materials used are cocanut fibres (50%), peat-coconut fibre mixtures 
(25%) and synthetic materials (5%). No envelope is used in 20% of 
all cases (NAARDING, 1980). 
3. FUNCTIONAL REQUIREMENTS OF ENVELOPE MATERIALS 
Two functional requirements of a drain envelope are required: 
- I) Se 1 e c ti v e f i 1 ter f u n ct ion. The envelope 
must prevent the entry of soil particles that can silt up the 
4 
tube or block its perforations. When soil particles sedimentate 
in the envelope its permeability will decrease drastically within 
a short period. Therefore, particles that remain suspended even 
under low flow conditions may enter the drain as they will generally 
be washed out again.· Hence the envelope must filter out soil 
particles up to a eertaio size but let pass smaller ones so that 
it does not block itself due to the filtering action. 
2) H y d r a u 1 i c f u n c t i o n. An envelope must create and 
rnaintaio a relatively high permeable zone around the drain, thus 
improving the water entry conditions. Whereas fine-structured 
materials are preferred for the filter function, voluminous coarse-
structured materials are preferred for the hydraulic function, 
Obviously, the requirements are contradict6ry in their demands on 
the composition of the envelope. 
The flow of water converges towards the drain whereby the hydraulic 
gradient rises sharply in its vicinity. The risk of internal erosion 
is reduced decreasing the hydraulic gradient and consequently high 
flow veloeities by installing a high permeable zone around the 
drain. Permeability will be adversely affected by blocking and 
clogging of the envelope. Internal erosion of the soil layer abutting 
the drain envelope may result in the building up of a natural filter 
in this layer. Phenomena like these are not yet well quantified and 
research must be conducted to study the inter-action between envelope 
and soil materialand its effects on envelope permeability.as a 
function of time. It is expected that the inter-action depends on 
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soil parameters such as texture, structure, partiele si~e (distribution), 
partiele shape, on installation conditions and on the chemical 
composition of the drainage water (precip~tation of complex iron 'ochre', 
manganese, or magnesium compounds), 
It goes without saying that envelopes have to fulfill certain require-
ments with respect to e.g. tensite strength, tear and puncture 
resistance, abrasion resistance, chemical and-micro-biological resistance 
and swelling properties. 
4. THE NEED FOR ENVELOPES 
Studies on envelope materials have been reported from many institutes 
and institutions. In The Netherlands e.g. by CAVELAARS (1965), HOUMANS 
(1963), FEDDES (1963), ESKES (1977), DE JONG (1978), SCHOLTEN (1979), 
KNOPS (1979), MEIJER (1969, 1972, 1973, 1974, 1977), MIEUWENHUIS (1976), 
SEIJGER (1978), BOERS (1979) and KNOPS et al, (1979), Abroad, work has 
been reported by VAN DER BEKEN (1968), BRUNS (1977), DIERICKX (1977, 
1980a, 1980b), IRWIN (1979), PAUTE (1977), WILLARDSON (1977, 1979), 
SCHAAL (1980), EGGELSMANN (1980), BENZ (1976), BROUGHTON (1976), 
KUNTZE (1969). 
The aim of all studies was developing specifications for envelope 
materials, based on their behaviour under field- or laboratory conditions, 
or based on theories of flow of water towards drains. Materials and 
methods as well as the theoretica! approach differed widely however. 
Although an insight was gained regarding the general applicability of 
existing materials no criteria could yet he established for determining 
when an envelope is required, despite all efforts, The drainage engineer 
generally bases his decision regarding the use of envelopes on local 
experience, In some rare occasions this experience can he support~d by 
results of some short term laboratory experiments with envelope material 
or results from simple field experiments of short duration, Rough 
guidelines on the need for, and applicability of envelopes currently 
available have been compiled (KNOPS et al., 1979). These guidelines, 
however, are only valid for the regional conditions for which they 
were compiled and are largely basedon laboratory experiments. Field 
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conditions cannot be adequatly simulated in a laboratory test. On the 
other hand, field experiments are laborious, expensive, time consuming 
and will not yield generally applicable results. Countries like 
Denmark and Sweden rely largely on field experiments while others 
like Belgium, France, West Germany and The Netherlands gain their 
information mainly from laboratory experiments, 
5. RESEARCH METHOOS FOR TESTING ENVELOPE MATERIALS 
In the past two decades, rapid developments have taken place in 
drainage envelopes. Manufacturers have hardly any knowledge of the 
properties required and are merely interested in increasing their 
turnover. The continuous supply of new envelope materials places 
a heavy burden on research institutions as they have to judge the 
applicabiiity of the new products. Promising materials can be 
subjected to laboratory tests, mostly in sand tanks, whereby the 
groundwater flow in the vicinity of the drain is simulated as closely 
as possible. This type of research does not render consistent and 
reproducible results, unless far-reaching precautions are taken. 
The information is generally not adequate to predict with complete 
confidence the envelope's performance under field conditions. 
However, it is recognized that laboratory testing of envelopes is 
the only feasible type of research available. Materials that proved 
to be promising in a laboratory test must be subjected to additional 
field testing to get an indication of their actual applicability 
in the field. 
To simulate groundwater flow conditions in the vicinity of the 
drain, numerous types of sand-tank roodels have been developed. Three 
types used in The Netherlands are described briefly: 
- I) A vertical, cylindrical model with radial flow 
- 2) A horizontal model 
- 3) A vertical, cylindrical model with one-dimensional flow. 
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I) V c r t c a l c y 1 i n d r i c n 1 m o d e 1 a w i t h 
r a d i n 1 f 1 o w 
In fig. I, a tank model used for over 13 years at I.C.W. is shown 
schematically. This sand tank model is an example of an attempt to 
combine the acquisition of reliable, reproducible results with easy 
handling and rapid conduction of routine measurements, The soil samples 
Fig. I. Laboratory model for investigating envelope materials used 
by r.c.w. 
used are moderately fine sánds with over 80% of the particles in the 
range from 100 to 300 ~m and a permeability of 8 - 10 m/day. A 
prewrapped pipe is mounted in the centre of the cylinder. The water 
flows from the outer boundary radially towards the drain and is 
discharged from the drain by a syphon. Discharge is calculated using 
the Thiem-Dupuit formula for flow towards a welt. Combining discharge 
data with piezometric head measurements, the permeability of the soil 
sample is calculated. The entrance resistance of drain plus envelope 
is derived from the water level inside the drain, the piezometric. 
level just outside the envelope and the flow per unit length of the 
pipe. Some results of measurements conducted with this model are 
presented in fig. 2 where entrance resistances are plotted against 
envelope thickness. The major disadvantage of this model is that the 
compression of an envelope due to the overburden of the soil (0.2 - 0.3 
kg/cm2) is not simulated. The soil toading influences the porosity-
distribution of the envelope decisively. 
7 
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•• envelope lh"kness m mm . 
Fig. 2. Entrance resistance plotted against thickness of the envelope 
material as tested in the vertical cylindrical sand tank 
2) H o r i z o n t a 1 m o d e 1 s 
This type of sand-tank model is used by the Scientific Department 
of the R.IJ,P., the IJsseltake polder Development Authoty in The 
Netherlands. In the tank, the drain's position is horizontal. Radial 
flow is approximated by the U-shape of the inner container, see fig. 3. 
In this model, very fine homogeneaus sands are used, comparable to 
those used in the first model. Discharge is measured plus the piezometric 
head inside the drain, at the border of the envelope, and at some 
distance from the drain, Generally, a linear relationship is found 
between discharge rate and piezometric head difference; thus, a 
value for the entrance resistance is found. Preparation and 
operation of this model is more laborious than the model described 




Team Integraal Waterbeheer 
Alterra-WUR
petlororedronk 








Fig. 3. Cross-section of the horizontal sand tank used by R.IJ.P. 
3) V e r t i c a 1, c y 1 i n d r i c a 1 m o d e 1 s w i t h 
o n e - d i m e n s i o n a 1 f 1 o w 
This sand-tank model was introduced at I.C.W. in 1977, and 
is shown in fig. 4, This test-cylinder was designed especially by 
SEIJGER (1978) fora rapid evalustion and screening of envelope materials. 
The model consists of a cylindrical plexiglass tank, 15 cm inside 
diameter by 69 cm long, Water entry takes place near the top of the 
cylinder, Water flows downward alongside mental weights that simu1ate 
the overborden of the soil, through a gravel bed diffuser, and 
through the sand acquifer. The envelope material sample rests on a 
bottorn plate constructed from a cut portion of corrugated PVC pipe, 
attached to a perforated support plate, A diagramrnatic sketch of the 
flow system is shown in fig. 5. Water from a supply tank is pumped 
into an elevated tank in which a constant head is maintained by an 
overflow back into the supply tank, The hydraulic gradient in the 
9 
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Fig. 4. Vertical plexiglass sand-tank model developed by SEIJGER (1978) 
cylinders - four cylinders are in use simultaneously - is adjusted 
by raising or lowering the elevated overflow tank and/or the 
collector tank through which percolated water is discharged back 
into the supply tank. The amount of sand caught in the sediment trap 
is weighed after termination of each test. Physical loading of the 
cylinders simulate drain placement at a soil depthof about I metre. 
Eleven soil fractions were tested ranging from 30 to 2 000 pm. 
Hydraulic head readings are obtained from piezometers installed at 
several heights in the cylinder wall. Hydraulic gradients applied 
varied from a value of I for fractions larger than 300 pm to 2.75 for 
fractions smaller than ISO pm. 
10 
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Fig. 5. Labotatory set-up of the sand-tank experiments by SEIJGER 
(1978) 
Pore size distribution of envelopes is determined in two ways. 
The suction method renders reproducible results with voluminous 
materials. Saturated samples are subjected to increasing suctions 
resulting in release of water by the sample. lt is assumed that the 
water is held by capillary forces, the water holding capacity being 
dependent on the diameter of the pores. The relation between suction 




Pores are divided up into fractions equal to those used in the soil 
samples. Pore size distribution is determined by the amount of water 
released in each suction interval (SEIJGER, 1978). 
I I 
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Optical determination of the pore size distrihution is used for 
very thin envelopes like glass fihre sheets, typar etc. Using a 
'Quantimet 720' image analyzer, areas of voids are measured and 
the numher of voids having an area within a certain interval is 
counted. From the numher of voids in each interval the pore size 
distrihution is found. Fig. 6 gives pore size distrihutions of four 
tested envelope materials. The methods however are inadequate as a 
tool to characterize size distrihutions of voids or channels which 
are essential for the filter function. Anderson and Bouma developed 
a method for descrihing the 1 necks 1 in a system of voids of pores 
(ANDERSON and BOUMA, 1973). Although this method was developed for 
calculating hydraolie conductivities of clayey, pedal soils, it 
might also he valuahle for characterisation of the pore-system 
geometry of envelope materials, see fig. 8. 
From the study hy Seijger, some qualitative conclusions can he 
drawn. Soil losding has a significant impact on the pore size 
distrihution of envelope materials. The larger pores of the envelope 
determine its permeability in the long run, provided no chemical 
clogging occurs, The permeahility of acrylic fihre mats under normal 
load is lower than that of the soil sample. A change of hydraolie 
gradient had a significant impact on the permeahility of some 
envelopes, see fig. 7. Too little data was ohtained, however, to 
detect significant trends in hydraolie and hydrologie properties 
of envelope materials. Fig. 7 shows typical permeahilities of 
coconut fibre and of a soil sample as measured hy SEIJGER ( 1978). 
Fig. 6. Pore size distrihutions of four envelopes as determined hy 
SEIJGER (I 978) 
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Fig. 8. Schematic diagram illustrating the occurrence of pore 'necks' 
after ANDERSON and BOUMA (1973) 
6. A NEW RESEARCH APPROACH 
Reviewing the research methods described above, some tentative 
conclusions can be drawn: 
- I) Results are of a qualitative nature 
- 2) Results obtained with various methods are not comparable 
- 3) Boundary conditions in the laboratory are not strictly met 
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- 4) The influence of chemical phenomena on the data is not assessed 
- 5) Data processing is not automated; many tedious calculations are 
still to be done by hand 
- 6) The research approach has hardly changed for a long period of 
time. 
Recognizing these facts it was decided that a new research 
approach is urgently needed. The aims of the new research project 
are equal to those of earlier investigations: 
- I) Determination of the pore size distribution of envelope materials 
- 2) Investigation of selective filtering properties in relation to 
pore-size distribution of both envelope material and soil 
- 3) Development of a quantitative description of interactions 
between envelopes and soils. 
The methodology to he chosen in the new research program must 
he sufficiently accurate to render data that is reliable and 
consistent. Model tests will only allow comparison with respect 
to the performance of envelopes if testing conditions are well 
prescribed and the same for all tests. The main prequisite of 
the laboratory testing apparatus is therefore a very high 
reproducibility. The equipment must he designed for fast and accurate 
screening of envelopes, as an extensive measuring program is scheduled. 
In fig. 9 the laboratory set-up designed for a quantitative 
study of mechanica! clogging phenomena of envelopes is shown 
schematically. It is provided with an independent water circulation 
system; after the system is filled, no water is added anymore. 
Bacterial activity in the system must he prevented and some measures 
are taken in this respect. The water used for the tests is demineralized. 
The system is kept anaerobic by feeding nitrogen gas in either of 
the two overflow tanks. In this way aerobic phenomena like oxidation 
of ferric compositions and formation of 'ochre' are counteracted. 
The centrifugal pump creates an available head 6H. Hydraulic gradients 
over the cylinders are adjusted using needle-valves. Flow through 
the cylinders is recorded by flowmeters. The greater part of the 
water pumped into the elevated overflow tank will flow back into the 
water supply tank. This water is heated slightly; its temperature 
14 
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Fig. 9. New laboratory set-up designed for testing of drainage envelope 
materials at r.c.w. 
t~centrifugal pump 
2=active-carbon water filter 
3=overflow tank 
4=constant head- and water 
supply tank 
5=water supply tube 
6=water discharge tube 
7=cylindrical plexiglass tank 
8=flowmeter 
9=needle valve 
IO,II=taps regulating flow 
directions on installing 
envelope and soil sample 
12=sediment trap (cont.IO litres) 
tJawater heating device 
(60 watts) 
14=thermometer 
15=supply valve nitrogen gas 
16=metal weights in PVC cyliner 
casing 
17=gravel bed diffuser 
(height 5 cm) 
18=soil sample (height 10 cm) 
19=envelope sample disc 
20=tap regulating pump flow 
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exceeds that of the air~conditioned laboratory by a few degrees 
centigrade, On its way through the supply tube and the cylinders the 
water wilt be cooling slightly. Consequently, gasses dissolved in it 
cannot be released in the soit sample and the envelope. In this way 
a saturated flow is safeguarded all the time. Smalt piezometers 
consisting of perforated brass tubing are installed at ten different 
heights in the cylinder walt to obtain hydraulic head readings, 
Plastic tubing connects the piezometers to manometer boards, Water 
is discharged via sediment traps (contents JO litres) in which the 
flow is upward, 
In order to check reproducibility all tests are replicated four 
times (i.e. all cylinders contain the same envelope and the same 
soil sample during the test). Installing of envelopes and soit samples 
is done following strictly defined procedures as the installation 
method is decisive for the outcome of the tests. 
The so-called problem soils in The Netherlands that tend to cause 
silting of drains and envelopes have partiele size distributions in a 
range indicated as the shaded area in fig. JO. On choosing the soit 
• 
•• 






clav silt sand 
Fig. JO. Range of partiele size distribution for problem soils 
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sample two contradicting demands must he met; similarity to field 
conditions on the one hand, and reproducibility of the testing 
procedure on the other hand. Reproducibility cannot he guaranteed 
if field samples are used due to unavoidable spatial variability in 
sample composition. Using merely soil fractions in the model like 
SEIJGER (1978) did safeguard reproducibility of the tests but 
resemblance to field conditions was poor. As a compromise, in the 
present project well-defined, artificial soil samples are used, 
being composed of six fractions of the original soil material. These 
soil fractions strongly resembie the original 'problem soils' but 
can he composed easily in a soil laboratory so reproducibility demands 
are met, as far as the soil sample is concerned, The partiele size 
distribution of the first starting material used in the laboratory 
is shown in fig. 10. lts dis~ribution lies completely inside the 
shade area indicating problem soils. Following this methodology 
several artificial soils can he composed using the same starting 
material, see table I and fig. 11. The impact of partiele size distribution 











Fig. 11. Possible sample compositions to he used in the laboratory 
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Table I. Possible sample compositions to he used in the tests 
Soil Fraction Weight Percentages (dry sieving) 
(JJm) 
starting sample I sample 2 sample 3 sample 4 
material 
<38 2.62 2 4 6 8 
38 - 35 4.48 4 8 12 16 
53 - 75 9.46 9 14 19 24 
75 -106 23.75 24 18 12 12 
106 -150 55.97 58 50 42 28 
>ISO 3. 72 3 6 9 12 
Often, a decrease in flowrate in sand-tank models is due to iron 
and/or calcareous compositions (SEIJGER, 1978, BENZ, 1976, DE JONG, 
1978, ESKES, 1977). This problem can he avoided using chemically 
treated soils from which these components have been removed. Soil 
structure, however can be modified significantly by this kind of 
treatment. 
If the envelope's behaviour is considered as a black-box operation, 
it may he presented as follows: 
S = the partiele size distribution of the 
soil sample (a vector) 
E = the envelope operator, depending on 
envelope characteristics (parameters) 
D = the partiele size distribution of the 
soil wasbed into the envelope 
V = some variabie (e.g. envelope permeability) 
The envelope's performance is thus considered being an input-output 
process and black-box rnadelling techniques must be applied aiming at 
descrihing this process empirically. The random movement of wasbed 
out soil particles in an envelope and its clogging can also be treated 
as a stochastic process (SILVEIRA, 1965, THANIKACHALAM, 1975). 
18 
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Stochastic mo~elling in filter design is not yet widely applied but 
might he a possible solution. 
Partiele size distributions of the soil sample, the particles 
entrapped in the envelope and the particles washed through it are 
determined. Due to the extensive measuring program mentioned earlier, 
reliable and swift analysing methods are required. Therefore, the 
Coulter principle of partiele size analysis will he used (McCAVE and 
JARVIS, 1973). The particles are suspended in electrolytic liquid 
and their number and size determined by forcing the suspension through 
a small orifice on either side of which an electrode is placed, Each 
time a partiçle passes the orifice the electrical resistance of the 
circuit changes, giving rise to a voltage pulse. The magnitude of 
the pulses is to some extent proportional to the volumes of the 
particles, Pulses are counted, sized, sorted and integrated and the 
siz~ distribution can he derived. Provided the equipment is ca1ibrated 
well, this method yields consistent and reliable results (VAN DER 
PLAATS, 1980). The equipment used is a computerized Elzone system 
by Partiele Data Inc •• Particles entrapped in the envelope material 
are release~ using an ultra-sonic cleaning device. 
Apart from the partiele size parameters, parameters descrihing 
partiele shape can he used because in cohesionless soils partiele 
shape might be a relevant characteristic for internal erosion and 
transport of soil material. Some partical shape parameters are 
proposed by UARRETT (1980). The shape of a partiele can be expressed 
in terros of three independent properties: form (overall shape), 
roundness (large-scale smootpness) and surface texture, see fig. 12. 
These form a three-stage hierarchy in the observational scale. 
Parameters expressing aspects of form are the maximum proje.ction 
sphericity (SNEED and FOLK, 1958), oblate-prolate index (DOBKINS 
and FOLK, 1970) and degree of angularity (LEES, 1964), see fig. 13. 
Roundness measures to be used are the Wadell roundness (WADELL, 1932), 
the Hodified Wentworht roundness (DOBKINS and FOLK, 1970) or the 
roundness of the sharpest corner (WENTWORTH, 1922). Shape parameters 
will be derived using a Quantimet 720 image analyzer coupled with 
a PDP-1) computer. 
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TE X TURf 
Fig. J2. A partiele outline (heavy so1id line) with its component 
elements of form (light solid lines, two approximations 
shown), roundnéss (dashed circles) and texture (dotted 
circles) identified. After BARRETT (J980) 
The parameter values will he computed from digitized data using 
a DEC-JO computer. Regression analysis will indicate which shape 
parameters are relevant for internal erosion of the soil and clogging 
of the envelope. 
An extensive software for data processing bas been developed. It 
is compatible with DEC-JO computer systems and written in FORTRAN-JO. 
Included is graphical output of recorded and computed variables as 
a function of time, see fig. J4. 
Regression analysis is facilitated by printing of scatterdiagrams 
of variables that have been detected to he significantly correlated, 
see fig. JS. 
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Fig. 14. Possible graphical output of computed and recorded variables. 
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Shown are (top to bottom) flow through plexiglass cylinders, 
water viscosity, mean water temperature, water temperatures 
at four different places in the laboratory apparatus, tempersture 
in the laboratory. Not shown are plots of permeabilities of 
envelope samples and individual layers in the soil samples 
(40 in total) 
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Fig 1 15, Scatter diagram of perme~bilities of different sections of 
the soil sample in the plexiglass cylinder. Figures correspond 
to sample-time sequence numbers. Sealing is lin~sr and 
au~omatic 
7. ÇONCWSIONS 
Up to date, research into drainage matcrials did not yield design 
criteria for envelope materials, optimally suited for local conditions. 
Apparerttly simple, the oparation of an envelope is complex, not well 
understood and hard to investigate fundamentally. Any laboratory 
investigation has built-in constraints, the impact of which cannot 
be assessed. Yet, laboratory te~ting is the 9nly {easible way and 
therefore it is the type of research chosen for the current study, 
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Unlike earlier studies, many new parameters are introduced and their 
possible significanee will he investigated, All data processing is 
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On the next pages, listinga of a datafile, 'DRAIN,DAT', the 
computer program developed for processing, 'DREPRO.FIO', and 
lineprinter output are found as well as graphical output, 
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EliDIM 270 GRS. 
0.20 
HALSEMA (GRONINûENJ 
'- 02 04 09 24 58 03 6. 15. 25. o.1a 
1 240381 09.00 19.10 20.10 18.40 23.20 18.45 
~- 2 2403a1 12.00 19.10 21.45 19.40 22.83 19.06 3 2~0381 14.38 19.52 21.~0 19.90 23.20 19.75 
4 240381 17.34 19.7:5 ·21.60 .20.15 23.35 20.-o5 
'-
5 250381 12.16 19.50 21.40 20.00 23.38 19.84 
6 250381 1~o31 20o00 21.55 20o20 23o38 20.05 
7 250381 16o48 19o65 21~69 20o34 23.~2 20.20 
a 260381 08.18 17.90 20.32 19.30 22.49 19.15 
9 260381 lóo18 17o90 20o70 19o45 22o49 19.40 
10 2703a1 09.24 17.80 19.20 18.06 21.10 17.40 
'-
11 300381 09.02 17.42 19.62 18.20 21.24 18.10 
12 310381 09o13 l7o40 19.77 18o39 21o43 18.26 
13 310381 12.08 18.08 19.80 18.75 21.79 1a.93 
~ 14 010481 .t2.15 18.45 20.31'19.00 22.04 19.41 15 020481 09o57 .17o62 19~49 18o21 21o25 18.65 
16 030481 12.31 17.90 19.63 1a.32 21.36 1a.70 
'--
17 060481 10.58 17.79 19.41 .18.01 21.10 18.91 
1a 0704a1 11.13 18.60 20.20 .. 18.80 21.82 19.15 
19 080481 14o18 18o41 20.10 18.81 21o85 19.15 
'--
20 090481 09 •. 47 16 .. 99 18.79 17.70 20.74 17.80 
21 100481 15.10 18o51 20.43 19~10 22o14 19.45 
22 130481 09.41 17.12 19.30-18.20-2~·24 18.53 
'-
23 140481 16o52 17o55 19.40 18o12 21o16 18.41 
24 160481 08.48-16.55 18 .. 62 18 •. 30 21.34 17.66 
25 160481 16o37 17o52 19.49 18.12 21o16 18.20 
'-
26 210481 10.16 17·05 18.93 17.10 20.14 17.15 
27 2204a1 10.03 17.17 19.11 17.37 20.41 17.40 
28 230481 09.12 18.52 20.32 18.39 21.43. 18.41 
1 20.00 3.50 3.65 5o30 10.15 12.70 1So15 17.70 19.10 21o45 24.35 
\... 2 20.00 3.50 3.70 So40 10.60 12o30 14.50 16.75 1a.10 20o35 22.75 
3 20.00 3.50 3.70 5.40 10.3511.90 13.75 15.75 17.35 19.50 21.90 
4 20o00 .3.50 3.65 5o40 10.00 11o50 13o30 15.75 17o15 19o3G 21o70 
\... 5 19.50 3.40 3.55 5.40 9.85 to.ss 12.95 1s.ss 16.95 19.os 21.75 
6 20.00 3.40 3.60 5o25 9.35 10.85 12.82 15.40 16.85 19.15 21.75 
'-
7 19.70 3.40 3.60 5.30 9.41 10.81 12.89 1~.45 16.95 19.00 21.85 
a 20.00 3.40 3.70 So40 9.65 11.00 13.15 15.ao 17.40 19.55 22.50 
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'-
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12 19.80 3.48 3.69 5.42 10.04 11.62 13.75 16•68 18.52 21.38 26.50 
13 19.80 3.48 3.62 s.35 1o.os 11.s2 13.ao 16.65 18.~2 21.39 25.95 
'- 14 19.90 3.48 3.62 s.:sa 10.22 11.70 14.06 16.8-6 18.78 21.71 26.o.e-
15 19.90 3.46 3.63 5o38 '10.65 l2o12 14o62 17o61 19.72 22o71 26,75 
16 19.90 3.48 3.68 s.42 11.21 12.65 15.o5 18.12 20.32 23.39 27.35 
\... 17 19.90 3.42 3.63 s.so 12.21 13.58 1~.oo 19.32 21 .. 86 25.25 29.06 
!a 20.00 3.46 3.65 So48 12.22 13.52 15o95 19o29 21.92 2So31 Z9.12 
19 20.00 3o-47 3.63 SoSO 12.41 13o66 16o16 19.52 22o32 25o90 29~81 
""' 20 20.00 3.46 3.65 s.52 12.6o 13.93 16.41 19.82 22.71 26.2a 30.24 
21 20.00 3.46 3.60 s.so 12.61 13.78 16.35 19.82 22.71 26.18 30 .. 12 
\... 22 20.10 3.4.6 3.58 5.50 13.11 14.25 16.91 20.43 23.70 27'.41 31._65 
23 20.10 3.46 3.61 5.ss 13.30 14.48 17.1~ 20.81 24.12 27.74 32.25 
24 20.50 3.46 3.60 S.51 13.41 14.66 17.40 21.12 24oS2 28.30 32.90 
'--
25 20.00 3.45 3.60 5.35 12.ó3 13.82 16.2o 19.62 .22.15 26.10 3o.32 
26 20.10 3.4ó 3.S7 5o41 12o90 14o15 16o89 20.4.0 23oS6 27.25 31.a5 
27 20.30 3.49 3.62 5~48 12.91 14o18 16o8$ 20,34 23.50 27o18 3lo80 
.... 
28 20.20 3 • .SO 3.63 5.41 12.68 13.82 16.42 19.85 22.85 26-45 30.92 
1 20.00 3 • .70 -4o10 s.as 9.40 12 •. 95 15.70 '17.75 21.25 23 .. 40--25.70 
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13 40.00 67.90 67.31 63.36 57.28 50.60 47.39 41.89 34.48 25.97 25.93 
14 39.90 67.80 67.12 63.35 57.05 50.15 46.86 40.68 33.18 24.78 24.62 
15 39.00 67.92 67o10 63o28 56.62 49o4~ 4óo03 39.12 3lo2~ 22o95 22o92 
~ 16 38.00 67.80 67.10 63-28 17 37.20 67.72 67.10 63.15 
56.29 48.75 45.32 37.85 
55,54 47.20 43.66 34.71 
30.00 21.80 21.79 
26.50 17.90 17.88 
18 37.00 67.74 67.12 63.13 55.55 47.06 43.61 34.35 26.03 17.26 17.25 
~ 19 37.60 67.81 67.15 63.00 20 36.80 67.75 67.20 63.10 
S5o20 46,07 43o00 33ol0 
55.30 46.68 43.18 33.20 
25.02 15.22 15.21 
25.35 15-35 15.34 
21 36.50 67.80 67.20 63.12 55.47 46.92 43.55 33.42 25.95 15.81 15.80 
22 3óol0 67,75 67ol4 Ó3o09 
~ 23 35.00 67.80 67.10 63.18 
55.18 46.13 42.81 31.63 
SS.3.0 46.42 43.12 31.'9'0 
24.22 12.40 12.31 
24o9Ó 12oSJ 12o51 
24 35o20 67.90 ó7o20 63ol2 ~5.10 45.13 42.82 31.41 24oó9 11o39 llo38 
25 20.00 67.90 67.45 65.02 59.83 54.61 52.70 39.95 37.36 34.00 33.99 
~ 26 1a.9o 67.85 67.60 65.os 60.35 ss.oo 53.02 46.00 42.27 34.50 34.4·8 
27 19.00 67.84 67.50 65-15 60.38 55.18 53.18 46.17 42.64 34.90 34.87 
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.il.ll216 1 .. C.Uó .. Jll..t .• 13.fo67 ·-··· .. l .. CC ...... PU SEC..llrHlE ......... 
00217 c........... Ci..:•IE::I-.::;~; (.;EiiCt:.P'E.Ei--0 GP TU::. GFi..AAr CE:LCJU.S 
0!)2lB .f.l.i..!Ll (!)=.l:"L0.1 tl J .. VI~C Cl.)/1.31 .!.ilP.LDI 
0021'? fl•JL2(I)=r·tci2(I)•VI~CCJ)Il.31 l@IPLQ'I 
0022v JlOL:lliJ=FLOl(lJ•Yl:iC(IJ(l.31 li ..PLO! 
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